How does edge modification affect spin distribution in open-shell graphene fragments? We investigated this effect by analyzing spin-delocalization in benzo[cd]triangulene, a spin 1/2 graphene fragment composed of seven benzenoid rings fused in a hybrid zigzag/armchair fashion. Six rings of this system form the core of Clar's hydrocarbon triangulene, to which an additional ring is annulated in the zigzag region. The singly occupied molecular orbital (SOMO) of this hydrocarbon radical resembles both SOMOs of triangulene, but the spin density is distributed over the core in a nonuniform fashion. The uneven spin distribution is reflected in the reactivityreaction with oxygen occurs selectively at a position with the highest spin densityand correlates nicely with relative stabilities of the corresponding Clar resonance structures. The spin distribution is different from that of a topologically similar compound composed of the same number of sp 2 carbon atoms but featuring six rings only, illustrating the impact of subtle structural changes on spin-density distribution. This compound was characterized by means of UV−vis and electron paramagnetic resonance spectroscopy, cyclic voltammetry, mass spectrometry, and X-ray crystallography. The experimental results are supported by density functional theory calculations. Article pubs.acs.org/joc Cite This: J. Org. Chem. 2020, 85, 92−100
■ INTRODUCTION
Open-shell triangular graphene 1 fragments containing one or more unpaired electrons delocalized around the zigzag edges 2 are long sought for potential applications in spintronics 3 and as molecular cubits 4 for quantum computing. 5 The smallest member of this class of compounds is phenalenyl 6 (1; Figure 1 , left), a spin 1/2 odd-alternant three-ring hydrocarbon, characterized by a uniform distribution of the electron spin density around the periphery. Parent phenalenyl is stable in oxygen-free solutions, 7 where it exists in an equilibrium with its σ dimer. 8 Substituted phenalenyls analyzed by single-crystal Xray diffraction were found to form either σ or π dimers in the solid state depending on the crystallization conditions and the steric bulk of substituents, which can partially or fully suppress σ dimerization. 9 The second homologue in this series is triangulene 10 (2; Figure 1 , middle), a diradical molecule composed of six benzenoid rings, known as Clar's hydrocarbon. A special feature of this even-alternant non-Kekulésystem is its triplet ground state (S = 1). Although unsubstituted triangulene has not yet been isolated on account of its high reactivity, the triplet ground state could be validated for its trisubstituted derivative. 11 Similarly to phenalenyl, spin density in triangulene is distributed mostly around the periphery. In contrast to phenalenyl, however, the peripheral positions in triangulene are not equal, and the highest spin density is displayed by the carbon atoms in the middle of the zigzag edges.
As a consequence of spin concentration at the peripheral carbon atoms, phenalenyl, triangulene, and their extended homologues are highly reactive. They readily unite with dioxygen as well as undergo dimerization 9 and oligomerization 10,11 at the peripheral positions. Positions that display the highest spin density (marked with * in Figure 1 principle, more reactive than those with less spin concentration, which can result in selective reactivity. Control over the spin distribution in such systems could therefore enable their use as synthetic building blocks for accessing larger openshell graphene nanostructures.
Fusion of additional ring(s) changes the topology of an open-shell system, which can alter the number of unpaired electrons and the shape of the singly occupied molecular orbital(s) (SOMO). Using topology, one can thus manipulate spin distribution by design. In this work, we examined this strategy in a system obtained by fusion of one benzenoid ring in the zigzag edge of triangulene, yielding a hybrid zigzag/ armchair spin 1/2 graphene fragment, namely, benzo[cd]triangulene (3; Figure 1 , right). According to the Huckel molecular orbital (HMO) analysis, spin distribution in 3 is highly nonuniform, and in contrast to phenalenyl and triangulene, the highest spin density in 3 is displayed only by one zigzag carbon atom. Further inspection of the HMO results reveals that the SOMO of 3 is similar to both SOMOs of triangulene, with less degree of uniformity within the triangulene subunit induced by the extra ring (Figure 2b,c) .
This relationship is more obvious when 3 is viewed as an extension of spin 1/2 fragments of triangulene 4 and 5 ( Figure  2a ), the SOMOs of which are topologically identical to triangulene's SOMO-1 and SOMO-2, respectively. Below, we report the synthesis of a derivative of 3 equipped with four phenyl substituents around the periphery (3a; Scheme 1) and investigation of its spin distribution, properties, and reactivity by experimental (electron paramagnetic resonance (EPR), UV−vis, cyclic voltammogram (CV), X-ray diffraction (XRD)) and theoretical (density functional theory (DFT)) means.
■ RESULTS AND DISCUSSION Synthesis and Characterization. Tetraphenyl benzotriangulene 3a was synthesized in six steps starting from a [5]helicene 12 precursor 6 reported previously 13 (Scheme 1). Precursor 6 is equipped with three phenyl substituents and a bromomethyl group, which allowed for elongation of the chain by two carbon atoms via (1) S N 2 reaction with a lithium salt of methyl 2-phenylacetate (yielding crude ester 7), (2) hydrolysis of the ester moiety (yielding crude acid 8), and (3) acyl chloride formation and Friedel−Crafts acylation providing intermediate 9 in 53% yield over the three steps. In addition to ring-closure during the Friedel−Crafts step, fusion of the [5]helicene unit in the fjord region occurred 14 (the formed bond is highlighted in bold in Scheme 1). This unexpected reaction was observed, while we were working on the synthesis of helically chiral open-shell graphene fragments, 13, 15 and inspired us to synthesize 3a. The structure of compound 9 was confirmed by two-dimensional (2D) NMR spectroscopy including COSY, NOESY, HMQC, and HMBC. Subsequent reduction of ketone 9 and dehydration gave the hydroprecursor 11 in 59% yield over the two steps.
The hydroprecursor 11 was oxidized with p-chloranil in dichloromethane (DCM) at room temperature in a glovebox with a nitrogen atmosphere. The resulting dark orange−red solution of 3a in DCM was diluted with n-hexane to precipitate out 2,3,5,6-tetrachlorobenzene-1,4-diol that was filtered through a syringe filter. Removal of the solvent gave 3a as a red solid in 83% yield. When exposed to air, the dark orange− red solution of 3a in DCM or toluene changes to pale orange due to oxidation. Noticeably, only a single oxidation product, compound 12, could be isolated in 69% yield upon purification of the oxidized sample by column chromatography. If other oxidation products were formed, these must have been present in very small quantities only as they could not be isolated. The structure of 12 was confirmed by 2D NMR spectroscopy, and solid-state structures for both 3a and 12 were validated by single-crystal X-ray analysis.
Single crystals of 3a were grown by a slow diffusion of nhexane into a solution of 3a in DCM in a glovebox. The obtained dark red crystals were analyzed by single-crystal XRD, which revealed that 3a crystallized in a non-centrosymmetric monoclinic P2 1 /c space group. The asymmetric unit contains one molecule of 3a and 0.2 molecule of the crystallization solvent n-hexane ( Figure 3a ). The benzotriangulene core of 3a slightly deviates from planarity, and the phenyl groups are noncoplanar with respect to the core.
Analysis of the crystal packing did not show presence of πdimers, which is commonly observed for spin-delocalized systems. Instead, slipped molecular stacks arranged in a herringbone fashion were formed ( Figure S1 ). This packing mode can be, at least in part, the result of the steric hindrance effect of the four phenyl substituents.
Single crystals of 12 were grown by slow evaporation of solution of 12 in CDCl 3 in an NMR tube. The XRD analysis performed on the obtained orange crystals revealed a noncentrosymmetric monoclinic P2 1 /c space group, as in the case Figure 2 . (a) Structures of spin 1/2 triangulene subunits 4 (blue) and 5 (red), each possessing a SOMO that is topologically identical to (b) SOMO-1 and SOMO-2, respectively, of triangulene (2). (c) SOMO of 3 in two different orientations, illustrating its reminiscence to both SOMOs of triangulene. The SOMOs shown with the corresponding coefficients (expressed as multiples of a, b, and c) were obtained from HMO calculations.
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Article of 3a. The asymmetric unit contains only one molecule of 12 ( Figure 3b ) and no solvent molecules. The out-of-plane distortion of the benzotriangulene core of 12 is more pronounced when compared to 3a, as a result of the sp 3 hybridization of one of the core carbon atoms, which carries the OH group. This solid-state structure confirms that the oxidation of 3a occurred predominantly at the position with the highest spin density (marked with * in Figure 1 ).
EPR Spectroscopy. The paramagnetic nature of compound 3a was studied by means of EPR spectroscopy. A solution of 3a in toluene (1 × 10 −4 M) gave a well-resolved seven-line EPR spectrum at a g value of 2.0037 at 300 K ( Figure 4 ). The obtained g value for 3a is typical of delocalized spin 1/2 hydrocarbon radicals. From the measured EPR spectrum, four proton hyperfine coupling constants (hcc) of ∼4.0 (2×) and 6.6 G (2×) were elucidated. The hcc values for all protons of 3a ( Figure 5 , top left) were obtained from DFT calculations (UM05-2X/EPR-III) performed on the optimized geometry (UB3LYP/6-31G(d,p)). While the protons attached directly to the benzotriangulene core possess the largest hcc values in accord with spin-density distribution ( Figure 5 , top right), the protons of phenyl substituents possess much smaller hcc values (Table S2 ). Because of the presence of five nonequivalent core protons displaying hcc values in the range of 1.0−1.7 G, only the four highest hcc values in the range of 4.0−6.6 G could be elucidated from our experimental data ( Figure 4 ). These four couplings, two 4.0 G in magnitude and two 6.6 G in magnitude, account for the observed seven-line signal and are in agreement with the highest calculated hcc values (6.6, 6.4, 3.8, and 3.8 G). In addition, the signal width (w) of ∼27.6 G agrees well with the sum of the core hcc values (26.6 G) . When the sample temperature decreases (Figure 4 ), intensity of the EPR signal increases, following the Curie law ( Figure S3 ). This observation suggests that the phenyl substituents suppress both the σand π-dimer formation in toluene. 9b,16 Clar Resonance Structures. The HMO ( Figure 1 ) and DFT ( Figure 5 ) calculations as well as EPR spectroscopy (Figure 4 ) corroborate the nonuniform spin distribution in 3a, which, in comparison to phenalenyl and triangulene, is less uniform because of symmetry breaking. The nonuniform spin distribution can be rationalized qualitatively by evaluation of the relative stabilities of Clar resonance structures of 3a ( Figure 6b ). It is a general practice to compare the relative stabilities of isomeric polycyclic aromatic hydrocarbons by the number of Clar's sextets 17 in the most stable Clar resonance structure, textbook examples being anthracene (one Clar's sextet, less stable) and phenanthrene (two Clar's sextets, more stable). This approach gives three main classes of Clar resonance structures for 3a, namely, structures with three, two, or one Clar's sextets. The structure with the highest and the lowest number of Clar's sextets will result in the highest or the lowest positive Mulliken spin densities (msd) values, respectively, at positions, where the unpaired electron resides in the corresponding resonance structure: msd = 0.41−0.32 for three, 0.22−0.08 for two, and 0.07−0.05 for one Clar's sextet. In addition, each main class can be subcategorized based on the number of aromatic rings, where the Clar's sextet can migrate (blue-filled), and then further based on the number of aromatic rings with a localized double bond (red-filled). As shown in Figure 6b , the relative stabilities of Clar resonance structures evaluated in this way are in perfect qualitative agreement with the calculated positive msd values. On the basis of this analysis, and in accord with HMO and DFT calculations, the highest spin density is at the position with msd = 0.41 ( Figure 6 , top left). In accord with these considerations, 3a reacts with dioxygen selectively at the position with the highest spin density to give the hydroxy compound 12 as the major product (Scheme 1), which demonstrates the power of the predictions based on the analysis of Clar resonance structures.
This analysis is in a good qualitative agreement with the trend observed for the aromatic character of individual benzenoid rings assessed through the NICS(1) values ( Figure  6a ) obtained from DFT calculations at the GIAO-B3LYP/6-31G(d,p) level on B3LYP/6-31G(d,p) geometries. The NICS(1) values show that the aromatic character of individual rings decreases in the order G > C ≈ D > A ≈ F > B ≈ E. To some degree, this trend is nicely reflected by the most contributing resonance structure (Figure 6b , top left), where
Scheme 1. Synthesis of Benzotriangulene 3a and its Selective Oxidation in Air
The Journal of Organic Chemistry Article rings G and D have one Clar's sextet each, rings C and A share one migrating Clar's sextet, ring F has a localized double bond, ring B has an unpaired electron, and ring E is empty. A more accurate picture is obtained when the relative contribution of each resonance structure is accounted for. Then, it becomes clear that ring G with the lowest NICS(1) value of −26.1 is the most aromatic (Clar's sextet is in every but one resonance structure) and ring E with the highest NICS(1) value of −2.7 is the least aromatic (empty ring in every but one resonance structure).
It is noteworthy to make a comparison between 3a and its helical analogue 13 that we reported 13 previously (Figure 7 ). Although the cores of these two compounds are topologically similar, they differ in the number of fused benzenoid rings (seven in 3a vs six in 13) and shape (planar 3a vs helical 13). This structural difference is reflected in the distribution of the spin density, which is less nonuniform around the phenalenyl subunit in the case of 13 (msd values in the range of 0.37−0.27 in contrast to 3a with msd values in the range of 0.41−0.22). This difference can be understood by looking at the structural relationship of 3a and 13 to spin 1/2 triangulene subunits 4
and 5. While the core of 3a represents an extension of both subunits, the core of 13 is only an extension of 4, and the spin distribution of 13 thus reflects the spin distribution of 4 more than does that of 3a. The less nonuniform spin distribution of the core of 13 is also reflected in the reactivity. A monosubstituted derivative of 13, bearing a phenyl substituent at the position with msd = 0.27, which sterically hinders the position with msd = 0.32, was found to give upon exposure to dioxygen two keto products, one with oxygen attached at position with msd = 0.37 (major) and one at msd = 0.35 (minor). This result nicely illustrates the effect of subtle changes in spin distribution on reaction selectivity.
UV−Vis Spectroscopy. The UV−vis spectrum of 3a in DCM displays an absorption maximum at 553 nm, corresponding to the SOMO-α to LUMO-α (LUMO = lowest unoccupied molecular orbital) transition (Figure 8 ), which is significantly red-shifted in comparison to phenalenyl (325 nm, time-dependent (TD) DFT-calculated). The measured UV− vis spectrum is well-reproduced by TD-DFT calculations at the UB3LYP/6-31G(d,p) level. The calculated SOMO-α−LUMOα energy gap of 3a (2.64 eV) is significantly lower than that of phenalenyl (4.18 eV), which can be attributed to extended πconjugation. This results in the bathochromic shift of SOMOα−LUMO-α transition in the UV−vis spectrum. Similarly, to spin-density distribution, the shape of the frontier molecular orbitals, the SOMO and the LUMO, is also nonuniform, SOMO being more localized on one-half of the molecule, while the LUMO is on the other half ( Figure 5 , bottom left and right, respectively).
Cyclic Voltammetry. The CV measurement confirmed the anticipated amphoteric redox ability of 3a, originating from the presence of a nonbonding molecular orbital (NBMO). The CV plot of 3a in tetrahydrofuran (THF) consists of two reversible, one oxidation (E ox ) and one reduction (E red ), waves at 0.01 and −1.35 V, respectively, versus Fc/Fc + (Figure 9 ). From the oxidation wave, the energy of the SOMO was calculated to be −4.78 eV. While the E red value of 3a is similar to that of The Journal of Organic Chemistry Article phenalenyl and its derivatives 9b (ca. −1.30 eV), the E ox value is significantly decreased because of extended π-conjugation. This leads to a smaller E g (E g = E ox − E red ) value of 1.36 V compared to that of phenalenyl (1.6 V). The E g value also corresponds to the pairing energy required to place a second electron in the SOMO, the magnitude of which represents the on-site Coulomb repulsion energy (U). 18 The smaller value of U is desired for increasing the conductivity of a material.
■ CONCLUSION
In summary, we synthesized and fully characterized a tetraphenyl derivative of a spin 1/2 graphene fragment benzo[cd]triangulene, compound 3a. The unsymmetrical structure of 3a results in a nonuniform spin distribution, which is reflected in selective reactivity and which can be rationalized simply by considering the relative stabilities of Clar resonance structures, in accord with HMO and DFT calculations. The lesson learned from investigation of this molecule can be used in the design of open-shell graphene fragments and to control their reactivity through the edge design that governs the spin distribution.
■ EXPERIMENTAL SECTION
Materials and Instrumentation. All chemicals and solvents were purchased from commercial sources and were used without further purification unless stated otherwise. The reactions and experiments that are sensitive to dioxygen were performed using Schlenk techniques and argon-saturated solvents. The NMR experiments were performed on NMR spectrometers operating at 400 or 500 MHz proton frequencies. Standard pulse sequences were used, and the data were processed using twofold zero-filling in the indirect dimension for all 2D experiments. Chemical shifts (δ) are reported 19 in parts per million (ppm) relative to the solvent residual peak ( 1 H and 13 C NMR, respectively): CDCl 3 (δ = 7.26 and 77.16 ppm) and CD 2 Cl 2 (δ = 5.32 and 53.84 ppm). The UV−vis spectra were recorded in DCM at room temperature. The EPR spectra were recorded in an argon-saturated toluene (∼1 × 10 −4 M, unless stated otherwise) on an X-band continuous wave (CW) EPR spectrometer (9.66 GHz), equipped with a variable temperature-control continuous-flow-N 2 cryostat. The g-factor corrections were obtained by using 2,2-diphenyl-1-picrylhydrazyl (DPPH) (g = 2.0037) as a standard.
(±)-Methyl 2-phenyl-3-(1,4,6-triphenyldibenzo[c,g]phenanthren-3-yl)propanoate (7). A solution of lithium diisopropylamide (LDA) (8.5 mL, 17 mmol, 2 M in THF/heptane) was added dropwise to a cooled (−78°C) solution of methyl 2phenylacetate (1.95 g, 12.5 mmol) in dry THF (50 mL) under an argon atmosphere. The reaction mixture was stirred at −78°C for 2 h before a suspension of 6 (600 mg, 1.00 mmol) in dry THF (40 mL) was added dropwise at −78°C. The reaction was then allowed to warm to room temperature overnight before saturated aqueous NH 4 Cl (25 mL) was added to quench the reaction. The reaction mixture was extracted with CH 2 Cl 2 (4 × 25 mL), and the combined organic layers were washed with brine, dried over anhydrous Na 2 SO 4 , and filtered. After evaporation of the solvents, the residue was purified by column chromatography over silica gel using cyclohexane/CH 2 Cl 2 (4:1) as an eluent to afford the desired product (489 mg, 73%) as a yellow solid and as an ∼1:1 mixture of two possible of diastereomers. 6-31G(d,p) ).
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The product obtained this way contained unknown impurities, which did not allow a reliable reporting of 13 C NMR data, and it was used in the next step without further purification. 1 (±)-2-Phenyl-3- (1,4,6-triphenyldibenzo[c,g] phenanthren-3-yl)propanoic Acid (8). A mixture of 7 (0.45 g, 0.67 mmol), lithium iodide (631 mg, 4.71 mmol), and 2,4,6-collidine (10 mL) was heated at 185°C for 2 h under an argon atmosphere before the reaction mixture was cooled to room temperature and concentrated in vacuum. To the residue, aqueous HCl (30 mL, 2 M) was added, and the precipitate that formed was filtered and washed with water to afford the desired product (338 mg, 77%) as a brown solid and as an ∼1:1 mixture of two possible diastereomers. The product obtained this way contained ∼30% of 2,4,6-collidine, which did not allow a reliable reporting of 13 (±)-7,9,11,13-Tetraphenyl-9,10-dihydro-8H-naphtho[3,2,1,8pqra]perylen-8-one (9). A solution of 8 (0.24 g, 0.36 mmol) in oxalyl chloride (15 mL) was heated at reflux for 2.5 h, before the excess of oxalyl chloride was removed under the reduced pressure. The crude acid chloride intermediate was dissolved in CH 2 Cl 2 (100 mL), and the solution was cooled to −78°C. Solid AlCl 3 (169 mg, 1.27 mmol) was added, and the reaction mixture was allowed to warm to −10°C over 5 h, before it was poured onto ice and acidified with aqueous HCl (2 M). The organic layer was separated, and the aqueous layer was extracted with CH 2 Cl 2 . The combined organic layers were washed with saturated aqueous NaHCO 3 , water, and brine, dried over anhydrous Na 2 SO 4 , and filtered. After evaporation of the solvents, the residue was purified by column chromatography over silica gel using cyclohexane/CH 2 Cl 2 (7:3) as an eluent to afford the desired product (160 mg, 69%) as a yellow solid. mp 259−261°C. 1 H NMR (500 MHz, CD 2 Cl 2 , ppm): δ 9.16 (d, J = 7.7 Hz, 1H), 9.11 (d, J = 7.8 Hz, 1H), 8.23 (d, J = 8.0 Hz, 1H), 8.01 (dd, J = 7.9, 7.9 Hz, 1H), 7.96 (dd, J = 7.9, 7.9 Hz, 1H), 7.85 (d, J = 8.1 Hz, 1H), 7.70 (s, 1H), 7.62−7.44 (m, 12H), 7.41−7.37 (m, 1H), 7.30−7.26 (m, 1H), 7.26− 7.13 (m, 6H), 4.36 (dd, J = 9.1, 5.8 Hz, 1H), 3.82 (dd, J = 16.6, 9.1 Hz, 1H), 3.72 (dd, J = 16.7, 5.8 Hz, 1H). 13 C{ 1 H} NMR (101 MHz, CD 2 Cl 2 , ppm): δ 199.7, 141. 26, 141.25, 140.4, 140.2, 139.7, 138.0, 137.9, 132.7, 131.1, 130.7, 130.5, 130.43, 130.40, 130.2, 129.9, 129.8, 129.31, 129.27, 128.8, 128.74, 128.65, 128.6, 128.51, 128.45, 128.3, 128.2, 128.0, 127.43, 127.42, 127.2, 127.1, 127.0, 126.7, 126.6, 126.1, 126.0, 123.5, 123.1, 122.6, 121.7, 55.4, 36. (±)-7,9,11,13-Tetraphenyl-9,10-dihydro-8H-naphtho[3,2,1,8pqra]perylen-8-ol (10). A mixture of 9 (0.13 g, 0.20 mmol) and LiAlH 4 (23 mg, 0.61 mmol) in dry THF (10 mL) was stirred at room temperature for 45 min under an argon atmosphere, before the reaction was quenched by the addition of ice and aqueous HCl (10 mL, 2 M). The organic layer was separated, and the aqueous layer was extracted with CH 2 Cl 2 . The combined organic layers were washed with brine, dried over anhydrous Na 2 SO 4 , and filtered. Evaporation of the solvents afforded the desired product (106 mg, 81%) as a brown solid and as one, presumably the cis, of the two possible diastereomers. mp 290°C dec. 1 H NMR (400 MHz, CD 2 Cl 2 , ppm): δ 9.15 (dd, J = 8.0, 1.1 Hz, 1H), 9.13 (dd, J = 8.0, 1.1 Hz, 1H), 8.22 (dd, J = 8.0, 1.1 Hz, 1H), 8.00 (dd, J = 7.9, 7.9 Hz, 1H), 7.95 (dd, J = 7.9, 7.9 Hz, 1H), 7.73 (dd, J = 8.0, 1.0 Hz, 1H), 7.67 (s, 1H), 7. 65−7.42 (m, 15H), 7.38−7.32 (m, 2H), 7.32−7.26 (m, 2H), 7.24− 7.17 (m, 1H) , 5.05 (ddd, J = 3.5, 1.5, 1.5 Hz, 1H), 3.90 (dd, J = 16.2, 13.5 Hz, 1H), 3.45 (ddd, J = 13.5, 4.0, 2.0 Hz, 1H), 3.10 (ddd, J = 16.2, 4.0, 1.2 Hz, 1H), 1.84 (d, J = 3.9 Hz, 1H). 13 C{ 1 H} NMR (101 MHz, CD 2 Cl 2 , ppm): δ 142. 9, 141.3, 140.1, 139.5, 138.9, 138.6, 137.3, 133.5, 132.5, 132.2, 130.9, 130.8, 130.51, 130.49, 130.46, 130.4, 130.3, 128.9, 128.82, 128.77, 128.7, 128.6, 128.5, 128.2, 127.9, 127.6, 127.5, 127.0, 126.6, 126.5, 126.3, 126.09, 126.06, 125.8, 125.4, 124.1, 123.8, 122.5, 121.2, 121.1, 70.3, 45.8, 29 .0. Unless there is signal overlap, 43 signals indicate three fast and one slow (most likely 7-Ph) rotations of the Ph substituents around the respective single bonds relative to the NMR time scale. HRMS (ESI-TOF) m/z: [M + Na] + Calcd for C 49 H 32 ONa 659.2345; Found 659.2347. 7,9,11,13-Tetraphenyl-10H-naphtho[3,2,1,8-pqra] perylene (11). p-Toluenesulfonic acid monohydrate (9 mg, 0.05 mmol) was added to a hot (90°C) solution of 10 (0.10 g, 0.16 mmol) in toluene (10 mL), and the reaction mixture was heated at 90°C for 5 min before it was cooled in an ice bath and passed through a pad of silica gel using toluene as an eluent to afford the desired product (71 mg, 73%) as a pale yellow solid. 1 H NMR (500 MHz, CD 2 Cl 2 , ppm): δ 9.10 (d, J = 8.2 Hz, 1H), 9.00 (d, J = 8.3 Hz, 1H), 8.19 (dd, J = 7.9, 1.0 Hz, 1H), 7.99 (dd, J = 7.9, 7.9 Hz, 1H), 7.88 (dd, J = 7.9, 7.9 Hz, 1H), 7.72 (dd, J = 7.9, 1.0 Hz, 1H), 7.68−7.62 (m, 4H), 7.62 (s, 1H), 7.61− 7.43 (m, 11H), 7.34−7.21 (m, 5H), 7.06 (t, J = 1.8 Hz, 1H), 4.33 (d, J = 1.8 Hz, 2H). 13 C{ 1 H} NMR (101 MHz, CD 2 Cl 2 , ppm): δ 141. 5, 140.5, 140.1, 139.9, 139.5, 137.7, 137.6, 135.3, 133.6, 131.5, 131.2, 130.9, 130.73, 130.72, 130.5, 130.2, 129.83, 129.80, 129.2, 128.84, 128.77, 128.5, 128.2, 128.01, 127.97, 127.9, 126.8, 126.5, 126.4, 126.06, 126.05, 125.7, 125.6, 125.4, 124.4, 123.1, 122.7, 122.3, 121.5, 120.7, 34.4 617.2264; Found 617.2255. 7,9,11,13-Tetraphenylnaphtho[3,2,1,8-pqra]perylene or 7,9,11,13-tetraphenylbenzo[cd]-triangulene (3a) . To a solution of 11 (16 mg, 0.027 mmol) in DCM (3 mL), p-chloranil (4.5 mg, 0.019 mmol) was added at room temperature in a glovebox filled with a nitrogen atmosphere and stirred overnight. The resulting dark orange−red solution was diluted with n-hexane to precipitate out 2,3,5,6-tetrachlorobenzene-1,4-diol, which was filtered through a syringe filter. Removal of the solvent gave 3a (13 mg, 83%) as a red solid. MS (matrix-assisted laser desorption/ionization (MALDI) TOF) m/z: M + Calcd for C 49 H 29 617.2; Found 617.6. Because of the limited stability of 3a under ambient conditions, it was not possible to acquire an HRMS spectrum, and only a routine MALDI-TOF-MS spectrum was recorded. The structure of this compound was, however, unambiguously confirmed by single-crystal X-ray diffraction analysis.
(±)-7,9,11,13-Tetraphenyl-7H-naphtho[3,2,1,8-pqra]perylen-7-ol (12). A dark red solution of 3a (6 mg, 0.01 mmol) in DCM was exposed to air, and the color changed to orange within 3−5 min. The resulting orange crude mixture was purified by column chromatography over silica gel using cyclohexane/CH 2 Cl 2 (1:1) as an eluent to afford the desired product (4.2 mg, 69%) as an orange solid. 1 2, 142.2, 142.0, 141.3, 141.2, 140.1, 139.18, 139.16, 137.7, 131.9, 131.8, 131.6, 130.9, 130.33, 130.30, 129.5, 129.2, 129.0, 128.83, 128.76, 128.5, 128.20, 128.16, 128.0, 127.9, 127.8, 126.96, 126.95 (2×), 126.6, 125.5, 125.4, 125.24, 125.22, 125.0, 124.8, 123.3, 122.3, 122.2, 121.9, 75.7 . HRMS (ESI-TOF) m/z: [M + Na] + Calcd for C 49 H 30 ONa 657.2189; Found 657.2187.
Quantum Chemical Calculations. All DFT calculations were performed in Gaussian 09 (Revision D.01) suite of electronic structure programs. Geometries were optimized using (U)B3LYP functional and 6-31G(d,p) basis set in the gas phase. Chemcraft software was used to analyze the TD-DFT calculated spectra and to generate graphical images of frontier molecular orbitals (FMOs). The nucleus-independent chemical shift (NICS) calculations were performed on B3LYP/6-31G(d,p) optimized geometries at the GIAO-B3LYP/6-31G(d,p) level. NICS(1) values were obtained by placing dummy atoms 1 Å above each benzenoid ring.
Single-Crystal X-ray Diffraction (XRD). Single crystals of 3a were grown by a slow diffusion of n-hexane into a solution of 3a in DCM in a glovebox (N 2 ). Single crystals of 12 were grown by slow evaporation of a solution of 12 in CDCl 3 in an NMR tube. Diffraction data were collected at 160(1) K on a Rigaku OD XtaLAB Synergy, Dualflex, Pilatus 200 K diffractometer 20 using a single-wavelength Xray source (Cu Kα radiation: λ = 1.541 84 Å for 3a; Mo Kα radiation: λ = 0.710 73 Å for 12) from a microfocus sealed X-ray tube and an Oxford liquid-nitrogen Cryostream cooler. The selected suitable single crystal was mounted using polybutene oil on a flexible loop fixed on a goniometer head and immediately transferred to the diffractometer. Pre-experiment, data collection, data reduction, and analytical absorption correction 21 were performed with the program suite CrysAlisPro. 22 With Olex2, 23 the structure was solved with the SHELXT 24 small-molecule structure solution program and refined with the SHELXL-2018/3 program package 25 by full-matrix leastsquares minimization on F 2 . For more details about the data The Journal of Organic Chemistry Article collection and refinement parameters of both compounds, see the corresponding CIF files in the Supporting Information. Both structures were analyzed using Mercury. 26 The crystallographic views of the solid-state structures are shown in Figures 3 (3a and  12) , S1, and S2 (3a). The crystal parameters and structure refinements are summarized below. The crystallographic parameters were deposited with the Cambridge Crystallographic Data Centre (CCDC).
Crystal Parameters for Compound 3a. C 49 H 29 ·0.2(C 6 H 14 ) (M = 634.95 g mol −1 ); red plate, 0.16 × 0.06 × 0.03 mm; monoclinic, space group P2 1 /c (No. 14); a = 14.5222(2) Å, b = 5.651 00(10) Å, c = 40.0027(5) Å, β = 90.9730(10)°, V = 3282.35(8) Å 3 , Z = 4, T = 160.00(10) K, μ(Cu Kα) = 0.553 mm −1 , ρ calc = 1.285 g cm −3 , 38 709 reflections measured (7.5°≤ 2Θ ≤ 149.0°), 6683 unique (R int = 0.0229, R sigma = 0.0175), which were used in all calculations. The final R 1 was 0.0503 (I > 2σ(I)), and wR 2 was 0.1439 (all data). CCDC No.
1880918.
Crystal Parameters for Compound 12. 
